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A recent study shows that: when a long lifetime particle is positioned near a plasmonic metal
nanoparticle, lifetime of plasmon oscillations extends, but, only near that long-life particle [PRB 101,
035416 (2020)]. Here, we show that this phenomenon can be utilized for ultrahigh (single-molecule)
resolution ultrafast apertureless (scattering) SNOM applications. We use the exact solutions of 3D
Maxwell equations. We illuminate a metal-coated silicon tip, a quantum emitter (QE) placed on
the tip apex, with a femtosecond laser. The induced near-field in the apex decays rapidly except in
the vicinity of the sub-nm-sized QE. Thus, the resolution becomes solely limited by the size of the
QE. As positioning of a QE on the tip apex is challenging, we propose the use of a newly-discovered
phenomenon; stress-induced defect formation in 2D materials. When a monolayer, e.g., transition
metal dichalcogenide (TMD) is transferred to the AFM tip, the tip indentation of 2D TMD originates
a defect-center located right at the sharpest point of the tip; that is exactly at its apex. Moreover,
the resonance of the defect is tunable via a voltage applied to the tip. Our method can equally be
used for background-noise-free nonlinear imaging and for facilitating single-molecule-size chemical
manipulation.
Metal nanoparticles (MNPs) interact very strongly
with incident optical light. Surface plasmons, oscillations
of free electrons, localize the incident light into nm-sized
hotspots. Hotspot intensity can be 5 to 7 orders of mag-
nitude larger than one of the incident light [1]. Hotspots
can enhance both linear [2, 3] and nonlinear optical re-
sponse [4]. Enhanced hotspot intensity allows detection
of even a single molecule [5]. In a nonlinear process both
incident and converted fields are enhanced. Thus, a non-
linear process (for instance Raman scattering) can be en-
hanced quadratically [4].
Localization of light not only strengthens the near-
fields, but also enables a hotspot-size resolution at op-
tical imaging [6] and surface manipulation [7]. Hotspot
of a metal-coated atomic force microscope (AFM) tip can
provide surface images with resolution down to ∼10 nm
[6, 8], limited by the tip apex size, at optical and near-
infrared wavelengths. This method, scanning near-field
optical microscopy (SNOM), is essential in particular
for investigations of light-matter interaction in strongly-
correlated condensed phase and 2D materials [9]. This
is because, amplitude/phase of the light scattered by
the probe (tip) contains information about the local di-
electric function of the scanned material [10]. For in-
stance; structures of different phases in VO2 [11, 12]
and organic thin films (for energy harvesting) [13], plas-
mon mode profiles [14–16] and exciton-polariton trans-
port in 2D materials [17, 18] can be imaged via aper-
tureless SNOM (a-SNOM) (also referred as scattering-
type SNOM or s-SNOM) [19]. SNOM has numerous ap-
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plications in physics, biology, chemistry and engineer-
ing [20, 21].
Although former experiments with SNOM confined to
continuous-wave (cw) sources, recent studies are focused
on femtosecond (fs) optical/infrared sources [22] which
resolve the ultrafast transient spatiotemporal dynamics,
for instance, of exciton-polariton dynamics in 2D materi-
als (∼10 fs, ∼10 nm) [23–27] and solid state phase transi-
tion [28] far from equilibrium. Ultrafast SNOM enabled
the observation of intriguing physics, for instance, nega-
tive “phase velocity” for phonon-polaritons in 2D hexago-
nal boron nitride [29]. Such a fs time-resolved imaging of
electric fields is important for tracing ultrashort processes
taking place in biology and chemistry [30]. Limitations
on pulse repetition rate and tip oscillation frequencies,
faced in initial experiments, are circumvented by corre-
lating the tip oscillations with the tip-scattered field [31].
Spatial resolution of SNOM, however, is still limited
with the tip apex size (∼10 nm) [23–27]. Furthermore,
manufacturing of metal-coated AFM tip of apex size ∼10
nm is quite challenging. Fortunately, here we show that
findings of a recent study [32] can overcome the chal-
lenges faced in the spatial resolution, intriguingly, via
utilizing a phenomenon in its temporal dynamics. The
method, described below, relies on the enhanced lifetime
of charge oscillations taking place “only” near a quantum
object (QO) [33].
Dark-hot resonances [34], also referred as Fano reso-
nances [35, 36], appear when a bright-mode is coupled
to a longer-life dark plasmon mode [37]. The local field
can be further enhanced via extended lifetime of bright
plasmons [32], on top of the enhancement due to local-
ization. A nonlinear process, e.g., Raman scattering,
can be further enhanced (again quadratically) by align-
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2ing both incident and converted fields with two dark-hot
(Fano) resonances [38, 39]. A similar lifetime enhance-
ment enable the operation of spasers —metal nanopar-
ticles (MNPs) coated with molecules [40]. A Fano reso-
nance, demonstrating a dip in its steady-state excitation
spectrum [36, 41], ironically, enhances the plasmon en-
ergy accumulation in its temporal dynamics [32, 34].
Ref. [32] demonstrates that surface charge oscillations
of a MNP near a longlife nanomaterial last much longer
than the lifetime of the bright plasmon. As the life-
time extends only near the long lifetime nanomaterial, it
shows itself as a weak narrowing in the absorption spec-
trum [32]. This is unlike a spaser whose surface is covered
completely with a vast number of molecules [40].
In this paper, we utilize this phenomenon for achieving
a quantum object (QO)-sized resolution ultrafast SNOM.
We illuminate a gold-coated tip with a 5 fs-long laser
pulse, Fig. 1. First, (i) we show that electric field of a
gold-coated AFM tip lasts ∼17 times longer compared
to a plasmon lifetime, but, only near a (auxiliary) quan-
tum object attached to the tip apex, see Figs. 1 and
2. We perform FDTD simulations of 3D Maxwell equa-
tions and use a Lorenzian dielectric for the QO [42–44].
Field below the 1 nm-sized auxiliary QO, which scans
two 2 nm-sized nanoparticles (for instance can be pro-
teins), also lasts that much longer, see Fig. 3. Second,
(ii) we record “total intensities” (or fluorescence) scat-
tered by the two 2 nm-sized nanoparticles. We show that
lifetime-enhanced near-field below the auxiliary quantum
object (Figs. 3 and 4) can resolve the 2 nm-sized particle
successfully (see Fig. 5). In our simulations we use a 30
nm-thick tip apex.
Positioning a single quantum emitter at the gold-
coated tip apex, although possible within current nan-
otechnological techniques [45], can be challenging. Thus,
here we propose to employ a “strain-induced” quantum
defect center of a bended 2D materials, e.g., transition
metal dichalcogenide (TMD) [46, 47]. When such a 2D
material is transferred to an AFM tip, the defect sits at
the sharpest (bended) edge of the tip [47], that is at its
apex, see Fig. 1. In our approach, the QO and hence the
plasmon lifetime extension is generated exactly where it
is needed, at the tip apex, which is the part of the tip
that actually is responsible for image formation.
Strain-induced defects in TMDs create spatially and
spectrally isolated (quantum emitter) centers for local-
ized (0-dimensional) excitons [46–48]. Excitonic na-
ture [49–53] of the centers enables strong near-field cou-
pling [45, 54–56] and highly-enhanced narrow bandwidth
emission [46, 48, 57–62] with single-photon characteris-
tics [46, 47]; which makes them perfect candidates for
imaging applications [46, 47]. Such QEs are already
shown to demonstrate the spontaneous emission enhance-
ment near metallic surfaces [54], reverse of the lifetime
enhancement [32], which were shown for molecules or
quantum dots [63] previously. Moreover, defect reso-
nance can be controlled with an external voltage [64, 65]
which can change the operation wavelength of the locally
SiO2 coating
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Au layer
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FIG. 1. A 10nm-thick silicon AFM tip is coated with 10nm
gold. Gold surface is also coated with a 1.5nm insulator
(SiO2) layer to avoid charge transfer between the quantum ob-
ject and gold surface. A 2D material is grown on the tip, with
maximum bending at the tip apex, creates a stress-induced
excitonic defect-center which scans two 2-nm-sized nanopar-
ticles. Tip is excited by a z-polarized 5 fs ultrashort pulse
propagating in the x-direction. While the near-field excita-
tions decay in 13.7 fs on the gold surface, near-field on the
QO lasts much longer, i.e. 240 fs, see Fig. 3. This allows the
utilization of the setup as a single-QO-sized resolution SNOM
and chemical manipulation.
lifetime-enhanced device slightly. That is, such a setup
is a perfect business for high-resolution ultrafast SNOM
imaging we introduce here. The new method has the po-
tential to trace electric field evolution of, for instance,
protein bioactivities [30] at ∼fs and 1 nm spatiotemporal
resolution at different frequencies. For completeness, we
also perform similar simulations for a f = 0.1 QO [43],
a typical value for molecules/proteins [43, 44], placed on
tip apex.
The setup we study here can also be utilized for nm-
size chemical manipulation [7, 66] and in Fano-enhanced
nonlinear processes [39, 67, 68].
Setup.— We calculate the exact solutions of 3D
Maxwell equations for a sample setup depicted in Fig. 1.
We consider a 10 nm-thick silicon AFM tip coated with
10 nm gold for plasmonic operations [23–27]. Gold sur-
face is also coated with a 1.5 nm insulator (SiO2) layer
to avoid charge-transfer between the gold surface and
the auxiliary quantum object. A 2D material, display-
ing semiconductor feature along its body, is grown on
the tip [47] as demonstrated in Fig. 1. The bending
of the 2D material creates a stress-induced defect cen-
ter [46, 47]. The stress-induced defect center appears at
the most-curved position (i.e. apex) of the tip [47]. The
defect, interacting strongly with the near-field, possesses
a strong dipole-moment with a typical oscillator strength
of f ∼ 1. The AFM tip scans the two nanoparticles, of di-
ameter 2 nm, sitting on a silicon substrate. We carry out
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FIG. 2. Lifetime of electric field oscillations “between” the
tip apex and the auxiliary QO when the system is illuminated
with a 5 fs pulse. Oscillator strength of the auxiliary QO is
chosen as f = 1, corresponding to a stress-induced excitonic
defect center in a 2D material, and f = 0.1 for a molecule [43,
44].
3D FDTD simulations of the setup using the experimen-
tal dielectric functions of the materials, i.e., for silicon,
SiO2, and gold [69]. We use a Lorentzian dielectric func-
tion, (ω) = 1− fω20/(ω20 + i2γω − ω2), for the auxiliary
quantum object [42–44]. ω0 and γ are the resonance and
decay rate of the auxiliary quantum object.
Lifetime of such defect centers, in the order of ∼ns [47],
are quite long compared to the plasmonic oscillations
(∼10 fs in gold). So, it is possible to extend the life-
time of the near-field (plasmon) oscillations between the
defect (QO) and the gold surface as in Ref. [32]. Such a
lifetime extension, we expect and observe here, in Fig. 2,
is the analog of the phenomenon observed in Ref. [32].
Ref. [32] employs longer lifetime of dark plasmon modes
which can be ∼10-100 times longer compared to bright
plasmon modes. Here, we employ the quantum object
as the longlife particle whose lifetime is ∼ ns, which is
5-orders of magnitude larger than the one for plasmon
oscillations on the gold surface (∼10 fs).
Lifetime extension.— In Fig. 2, we show that lifetime
of plasmon oscillations “between” the auxiliary QO and
the gold surface (∼240 fs) increases ∼17 times copared to
the lifetime of localized surface plasmons (LSPs) in the
bare gold surface ('13.7 fs). The plasmonic near-field
oscillations out of the QO, in contrast, decay within 13.7
fs.
Lifetime extension phenomenon, employing an auxil-
iary quantum object, displays a common behavior with
the one employing longer-life dark plason modes [32]. En-
hancement increases for closer positioning (stronger cou-
pling) of the auxiliary QO to the gold surface. But after
a critical (strong) coupling, lifetime extension decreases,
a feature also observed in fluorescence enhancement of
molecules near plasmonic surfaces [63].
Utilization.— Therefore, such a setup (Fig. 1) is pos-
sible to be utilized as a single-QO-size resolution SNOM.
For this utilization, however, a similar lifetime extension
is needed to be observed also below the auxiliary QO,
the location which scans the two 2 nm-sized nanoparti-
cles sitting on the substrate.
In Fig. 3, we plot the temporal evaluation of the elec-
tric field, just (0.25 nm) below the QO. We simulate
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FIG. 3. (black) Time evolution of the electric field on the gold
surface, at the tip apex, when there is no QO. Oscillations
decay quickly after ∼25 fs. (red) An auxiliary QO is utilized
to extend the lifetime of plasmonic oscillations. Electric field
“0.25 nm-below” the auxiliary QO lasts much longer.
the auxiliary QO as a 1 nm-sized sphere of Lorentzian
width γ = 109Hz, resonance f0 = 491 THz and oscil-
lator strength f = 1. We illuminate the setup (Fig. 1)
with a z-polarized, 5 fs-width, ultrashort pulse propagat-
ing in the x-direction. We set the carrier frequency of
the ultrashort pulse to fc = 491 THz (λc = 610 nm), the
resonance of the auxiliary QO.
We kindly remark that in this prominent work we
aim to demonstrate how the local lifetime enhancement
method works for imaging implementations. Other spec-
tral regions, e.g., 610-680 nm and 740-820 nm [46, 47],
can also be used for nm-size-resolution imaging.
Fig. 3 shows that electric field oscillations, also be-
low the QO, last much longer compared to the surface
of a gold tip. So, near-field below the QO scan the
two nanoparticles much longer times compared to an-
other position on the gold surface (even of the tip apex
would be a flat one). While the near-field of gold sur-
face decays, after ∼ 13.7 fs, the 1 nm-thick QO continues
to provide scattering signal from the two nanoparticles.
Therefore, one can achieve ∼ 1 nm-size resolution SNOM
either (i) by recording the “total scattered intensity”, i.e.,
Jsca =
∫
dt Isca(t), or, perfectly (ii) by simply omitting
the signal before, e.g., t=25 fs in Fig. 3. In this work, we
study the former approach: we record the total scattered
field.
Fig 4 demonstrates a clear picture how the “total near-
field intensity”, Jnear(r) =
∫
dtInear(r, t), changes for dif-
ferent locations on the tip apex. As evident from Fig. 4a,
total near-field intensity is 1-order of magnitude larger
near and below the QO compared to other locations on
tip surface. Thus, it provides a ∼ 1 nm-size resolution.
Fig. 4b plots the total near-field intensity for different
positions below the auxiliary QO for two different values
of the oscillator strength f = 1 and f = 0.1 [70].
In Fig. 5, we present the “total scattered intensity”,
Jsca, when the tip scans the nanoparticles, that is, for
different positions of the tip-center. We calculate the
Jsca in our 3D FDTD simulations as follows. We place
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FIG. 4. (a) Total near-field intensity, Jnear(r) =∫
dt Inear(r, t), scanning the two 2-nm sized nanoparticles in
Fig. 1, is confined around the QO. The fringe-like behavior ap-
pears because the 5 fs pulse contains a broadband frequency.
Hence, both dipole and quadrupole modes are excited [71].
(c) Total near-field intensity, just below the QO, for different
distances between the QO and the gold surface.
3D intensity monitors encapsulating only on the scanned
2-nm sized nanoparticles. Our logic is simple: the field
scattered by the scanned nanoparticles is proportional to
the induced near-field intensity on (and in) the nanopar-
ticles [72, 73]. In Figs. 5a and 5b, we scan a single 2 nm-
sized nanoparticle; using a gold tip alone and and by em-
ploying the auxiliary QO, respectively. While change in
the resolution between Figs. 5a and 5b is obvious, Fig. 5a
presents a “deceptive” high resolution for a 30 nm-thick
gold apex. This appears because, we use a perfect (and
fine-meshed) hemisphere shape for the AFM tip in the
simulations while in actual experiments such a fault-free
tip is almost impossible to manufacture. In an actual ex-
periment, the stress-induced defect center, however, ap-
pears at the apex where bending is maximum [47].
Scanning two 2 nm-sized nanoparticles, separated 2 nm
from each other, demonstrates the contrast between the
two resolutions more explicitly. Gold-coated tip, without
a QO, fails to resolve the two particles (Fig. 5c) this
time. Only a small wiggle between the two nanoparticles,
x = 0, appears, again, due to perfect hemisphere tip
shape. A tip employing the auxiliary QO, resolves the
separation between the two nanoparticles clearly, Fig. 5.
Complications due to oscillating tip.— In a SNOM
experiment, the AFM tip oscillates with the natural fre-
quency of the cantilever, typically Ωtip ∼ 105 Hz or less.
That is, the tip does not scan a surface as if it moves along
the x-direction with a constant altitude. Hence, a high
repetition-rate source is required for non-sophisticated-
tracking of the scattered signal with respect to the tip
altitude (or tip-sample distance). This constrained the
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FIG. 5. AFM tip scans (a,b) a single 2 nm-sized nanoparticle
and (c,d) two 2 nm-sized nanoparticles separated 2 nm from
each other. Total scattered intensity in the (upper) absence
and (lower) presence of the auxiliary QO. The tip apex is 30
nm. The deceptive high-resolution of nanoparticles in (a,c) is
due to the perfect hemispherical body of the tip. (d) The aux-
iliary QO is very successful in resolving the two nanoparticles,
while the gold tip without the QO fails despite a perfectly-
shaped tip.
initial experiments, on ultrafast SNOM, to sources with
repetition rates much larger than the Ωtip. A recent ex-
perimental study [31], however, demonstrates a method
for conducting ultrafast SNOM experiments with low-
repetition rate sources. Ref. [31] obtains the dependence
of the scattered signal (S) on the instantaneous oscilla-
tion phase of the tip (tip-sample distance) Φ, S(Φ) [74].
The time interval we use to calculate the total scattered
intensity is only 500 fs, 7-orders shorter than the oscilla-
tion frequency of the tip. Hence, the “total scattering”
data we obtain is like a point in the oscillation frame of
the tip. Thus, a similar technique [31] can be used also
in our setup in order to elect the scattering signal for an
appropriate altitude of the tip.
In summary, we demonstrate a novel method for
obtaining sub-nm-size ultrafast SNOM imaging, which
heals the current limit (∼10 nm) by 1-order of magnitude.
We also propose a novel technique for manufacturing an
AFM (SNOM) tip in which a large oscillator strength
quantum object (a defect-center) is located necessarily
at the lowest-altitude of tip apex [46, 47]. The method
works both with low and high repetition rate sources.
Though we concentrate on on SNOM applications, our
setup (Fig. 1) can equally be utilized for nonlinear mi-
croscopy techniques [39, 67, 68, 75] where small adjust-
ments of the QO resonance is vital for Fano-enhanced
phenomena to take place. Higher localization, com-
pared to the ones using Fano resonances with dark-
modes [39, 68], can be achieved since a QO is much
5smaller than dark-mode profiles. The new method also
enables ultrahigh resolution chemical manipulation on
surfaces [7, 66].
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